Abstract-NO plays a role in the regulation of blood pressure through its effects on renal, cardiovascular, and central nervous system function. It is generally thought to freely diffuse through cell membranes without need for a specific transporter. The water channel aquaporin-1 transports low molecular weight gases in addition to water and is expressed in cells that produce or are the targets of NO. Consequently, we tested the hypothesis that aquaporin-1 transports NO.
N itric oxide is a hydrophobic gas that plays an important role in the regulation of blood pressure [1] [2] [3] [4] [5] [6] through effects on the kidney, 1,7-9 vasculature, 10 and central nervous system. 11 In the kidney it may promote natriuresis and diuresis by effects on glomerular filtration, 3, 12, 13 salt and water absorption along the nephron, 7 and tubuloglomerular feedback. 14 -17 In the vasculature NO can reduce blood pressure by dilating vessels. 10, 18 In the brain NO acts as a neurotransmitter. 19, 20 NO is thought to exit cells where it is produced and enter cells where it acts by freely diffusing through the lipid bilayer of the cell membrane without need for a specific transporter. Thus the cell membrane reportedly does not represent a significant barrier to diffusion of NO.
Aquaporins (AQPs) are intrinsic membrane proteins that form water-permeable protein complexes and are ubiquitously expressed in animals. 21 Although the role of AQPs in water transport is clear in some cells, such as the renal epithelium, 21 they are often highly expressed in cells where one might think high water permeability is not important. This raises the question of whether AQPs have a function other than water transport. The water channel aquaporin-1 (AQP-1) has been shown to transport small gas molecules such as carbon dioxide and ammonia in oocytes. 22, 23 Because AQP-1 is highly expressed in cells that produce NO, 24 -27 we investigated whether AQP-1 transports NO across cell membranes.
Methods

Materials
Cell lines were purchased from the American Type Culture Collection (Manassas, VA). CHO-K1 cells were cultured in low-glucose DMEM (Gibco, Carlsbad, Calif) supplemented with 10% FBS (Hyclone, Logan, Utah). The pancreatic endothelial cell line, MS1, was cultured in high-glucose DMEM supplemented with 5% FBS. Trypan blue solution, HgCl 2 , dimethyl sulfoxide (DMSO), L-arginine, acetylcholine (Ach), phenylephrine, Triton-X 100, PMSF, and N-laurosylsarcosine were obtained from Sigma (St. Louis, Mo). The polyclonal AQP-1 and the monoclonal NOS 3 antibodies were purchased from BD Biosciences (San Jose, Calif). The monoclonal antibody for GAPDH was obtained from Chemicon International (Temecula, Calif) and the anti-rabbit and anti-mouse IgG peroxidase-linked antibodies were from Amersham Pharmacia Biotech (Arlington Heights, Ill). The NO donor spermine NONOate was obtained from Cayman Chemicals (Ann Arbor, Mich) and the fluorescent dyes Cell Trace calcein red-orange, DAF-2 DA, and DAF-2 were from Molecular Probes (Eugene, Ore) and EMD Biosciences (San Diego, Calif), respectively. Octylglucoside (octyl-␤-D-glucopyranoside) was obtained from EMD. Purified Escherichia coli phospholipids were from Avanti Polar Lipids (Alabaster, Ala). Anticoagulated outdated normal human blood was obtained from the blood bank at Henry Ford Hospital.
Protein Content Determination
Total protein content was determined using Coomassie Plus reagent (Pierce, Rockford, Ill), based on Bradford's colorimetric method.
Western Blot
Western blot was performed as described previously. 28, 29 Briefly, cells were scraped using 100 L of lysis buffer. Equal amounts of total protein were loaded into each lane of a 12% or 8% sodium dodecyl sulfate (SDS)-polyacrylamide gel, separated by electrophoresis and transferred to a polyvinylidene difluoride membrane (Millipore, Bedford, Mass). Membranes were incubated with a 1:2000 dilution of an AQP-1-specific antibody for 60 minutes and then with a 1:1000 dilution of secondary antibody against the appropriate IgG conjugated to horseradish peroxidase. For NOS 3 and GAPDH detection, 1:1000 and 1:100 000 dilutions of primary antibodies were used, respectively.
Plasmid Construction
The cDNA-encoding human bone marrow water channel AQP-1 in a Xenopus expression vector (ATCC) 30 was subcloned in the mammalian expression vector pcDNA3.1/zeo(ϩ) (Invitrogen, Carlsbad, Calif) at the HindIII and PstI restriction sites.
Transient Transfection
Lipid-mediated transfection of CHO-K1 cells was carried out using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. Cells were grown on 60-mm plates containing glass coverslips and transfected with 8-g DNA [either AQP-1 subcloned in pcDNA3.1/zeo(ϩ) or empty vector] per plate. AQP-1 expression was confirmed by Western blot.
Stable Transfection
Lipid-mediated transfection of CHO-K1 cells was carried out using Lipofectamine 2000. Briefly, cells were grown in 12-well plates and transfected with 1.6-g DNA [either AQP-1 subcloned in pcDNA3.1/ zeo(ϩ) or empty vector] per well. Cells were transferred to 100-mm plates in fresh growth medium 24 hours after transfection. The selective antibiotic zeocin (Invitrogen, 250 g/mL) was added the following day. After selection for 12 to 14 days, resistant colonies were isolated using cloning disks and transferred to separate culture dishes for expansion and analysis. AQP-1 expression was confirmed by Western blot.
NO Influx and Water Permeabilities
CHO-K1 cells transfected with either AQP-1 or empty vector were grown on glass coverslips until confluent and placed in a temperature-regulated chamber at 37°C. The composition of the bath (HEPES-buffered physiological saline) was (in mmol/L) NaCl 130, NaH 2 PO 4 2.5, KCl 4, MgSO 4 1.2, alanine 6, Na 3 citrate 1, glucose 5.5, Ca (lactate) 2 2, HEPES 10 at pH 7.4. The flow rate of the bath was 1 mL/min. Cells were first loaded by adding 2 mol/L of the NO-specific fluorescent dye DAF-2 DA for 60 minutes. Then they were washed with physiological saline for 15 minutes. The dye was excited at 488 nm with an argon/krypton laser, and fluorescence emitted by NO-bound dye was measured with a scanning laser confocal microscope (Noran Instruments). After stable baseline fluorescence was established, 500 mol/L spermine NONOate (SPM) (5 mol/L NO) or a solution gassed with NO (from 0.1 to 100 mol/L NO) was added to the bath. Then the increase in fluorescence, representing the increase in intracellular NO, was measured once every 5 or 10 s for 80 s. When inhibitors of AQP-1 were used, HgCl 2 and DMSO were added to the cells after loading them with DAF-2 DA. The initial NO concentration was quantified using a precalibrated amperometric NO sensor (amiNO-2000, Harvard Apparatus). Because the NO-sensitive dye cannot be calibrated, NO permeability was expressed in fluorescence units/s adjusted for surface area and NO concentration gradient. Varying concentrations of NO gas were obtained as follows: HEPES-buffered physiological saline, pH 8.3 was gassed for 1 minute. This solution was then diluted 1:1 with HEPES-buffered physiological saline, pH 7.5, and NO concentration was measured with an NO-sensitive electrode (amiNO-2000). The half-life measured for NO decay under these conditions was used to determine when the desired NO concentration would be reached.
In some experiments, after completion of NO influx measurements, cells were loaded with 2.5 mol/L Cell Trace calcein red-orange for 5 minutes and then washed for 5 minutes with physiological saline to measure water permeability (P f ). The dye was excited at 568 nm with an argon/krypton laser and stable baseline fluorescence established. The osmolality of the bath was decreased by 200 mOsm/kg (to 90 mOsm/kg) and the decrease in fluorescence, representing increase in cell volume, was measured once every 5 s for 50 s. Absolute P f values were calculated as reported previously. 31 Surface area of the cells was assessed by confocal microscopy.
AQP-1 and Scrambled AQP-1 Small Interfering RNA Synthesis
Small interfering RNAs (siRNAs) were constructed following the method of Splinter et al. 32 Briefly, AQP-1 siRNA, which targets nucleotides 673 to 693 of the AQP-1 mRNA sequence, and a nonspecific siRNA containing the same nucleotides but in random sequence (scrambled AQP-1 siRNA), were prepared by a transcription-based method using the Silencer siRNA construction kit (Ambion) according to the manufacturer's instructions. The 29-mer sense and antisense DNA oligonucleotide templates (21 oligonucleotides specific to AQP-1 and 8 nucleotides specific to T7 promoter primer sequence 5Ј-CCTGTCTC-3Ј) were synthesized by TIB Molbiol (Adelphia).
Transfection with siRNAs
Sixty-millimeter plates of confluent MS1 cells were treated for 12 hours with 30 nmol/L AQP-1 siRNA, scrAQP-1 siRNA, or GAPDH siRNA (provided by the Silencer siRNA construction kit). The siRNAs were delivered with the lipid carrier Lipofectamine 2000. AQP-1 expression was assessed by Western blot of total cell homogenates.
NO Release
Confluent MS1 endothelial cells were incubated in fresh DMEM high-glucose medium supplemented with 5% FBS and 500 mol/L L-arginine (the substrate for NO synthase; at this concentration L-arginine does not cause NO release) in the presence or absence of either HgCl 2 or DMSO. Basal NO levels were recorded using an amperometric electrode selective for NO. Ach (1 mol/L) was added to the bath to increase NO synthase activity. NO release was recorded for 2 minutes. Measurements were performed at 37°C.
AQP-1 Purification
AQP-1 from human red blood cells was purified following the method used by Bennet et al 33 and Zeidel et al. 34 Briefly, 1 U of outdated human blood was centrifuged and the buffy coat completely removed. Red cells were then washed and erythrocyte "ghosts" obtained by hypotonic treatment in the presence of protease inhibitors. Membrane vesicles were obtained after extraction with 1 mol/L potassium iodide and were further extracted with 1% (wt/vol) N-lauroylsarcosine. The pellet was collected by centrifugation at 4°C. It was washed once in 7.5 mmol/L sodium phosphate and solubilized by shaking for 1 hour at room temperature in 800 mL of a buffer containing 4% Triton-X 100. After centrifugation at 30 000g for 6 h, the sample was filtered through a 0.22-m Millex GV membrane (Millipore) and loaded onto a POROS HQ anion exchanger column (Applied Biosystems) equilibrated with a buffer containing 1% Triton-X 100 running at 3 mL/min while attached to a Perkin-Elmer fluorometer. Eluted peaks were detected by their emission at 345 nm on excitation at 289 nm. The column was eluted with a 120-mL gradient of 0.10 to 1.20 mol/L NaCl in the same buffer while monitoring fluorescence. The peak eluted between 0.25 to 0.30 mol/L NaCl was collected, diluted in a buffer containing 20 mmol/L Tris-HCl, pH 7.5; 1 mmol/L sodium azide; 1 mmol/L dithiothreitol (DTT); and 1.20% (wt/vol) octylglucoside and reloaded onto the same column. Peaks were collected, protein content determined by BCA protein method (Pierce), and purity evaluated by SDS-polyacrylamide electrophoresis gel stained with silver and Western blotting from AQP-1.
Reconstitution of AQP-1 Into Lipid Vesicles
Five milligrams of E. coli phospholipids was sonicated in 0.45 mL of a buffer containing 20 mmol/L Tris-HCl, pH 7.5; 1 mmol/L sodium azide; 1 mmol/L DTT; and 1.2% (wt/vol) octylglucoside. Then, 35 g (50 L) of purified AQP-1 or 50 L of buffer alone was added, and the mixture briefly blended and incubated for 20 minutes on ice. Proteoliposomes (and liposomes prepared without protein) were formed at room temperature by rapidly injecting the mixture into 12.5 mL of a buffer containing 50 mmol/L 3-(N-Morpholino) propanesulfonic acid (MOPS), pH 7.5; 15 mmol/L n-methyl-D-glucamine chloride, pH 7.0; 0.1 mmol/L DAF-2; 1 mmol/L DTT; and 0.5 mmol/L PMSF. The suspension was incubated for 20 minutes at room temperature and proteoliposomes or liposomes collected by centrifugation for 1 hour at 123 000g at 4°C. Proteoliposomes and liposomes were washed twice in a buffer without DAF-2 and finally resuspended in 400 L of the same buffer. 34 
NO Influx Into Proteoliposomes
Proteoliposomes or liposomes were placed in a glass cuvette at room temperature. The dye was excited at 495 nm and fluorescence emitted by NO-bound dye was measured with a fluorometer (PerkinElmer). After stable baseline fluorescence was established, 1 mol/L NO was applied by adding the NO donor SPM-NONOate to the bath (75 mol/L). The increase in fluorescence emitted at 515 nm, representing the increase in intravesicular NO, was continuously measured for 1 minute. Initial rates (typically 0 to 20 s after addition of SPM) were used to calculate NO influx.
Statistics
Data were analyzed using ANOVA and/or paired or unpaired t tests as appropriate. All statistical analyses were performed by the Biostatistics Department at Henry Ford Hospital.
Results
To test our hypothesis, we first investigated whether NO permeability would correlate with water permeability in cells manipulated to express AQP-1. For this, we stably transfected CHO-K1 cells with control or AQP-1-expressing vectors and studied AQP-1-dependent NO permeability (P NO ) and water permeability (P f ) (Figure 1 ). NO and water transport were measured in the same cells and permeabilities calculated from the initial rate of NO and water fluxes. In CHO-K1 cells stably transfected with or without AQP-1, P NO correlated significantly with P f ([yϭ0.64xϩ20.23]; rϭ0.70; nϭ71). These data suggest that NO may be transported by AQP-1.
To investigate whether the increase in NO permeability was in fact attributable to AQP-1 transport, we measured NO transport in CHO-K1 cells transiently transfected with a vector designed to express AQP-1 or a control vector. In control transfected cells, NO influx caused by the 5-mol/L NO concentration gradient was 10.2Ϯ3.4 fluorescence units/s (nϭ5). In contrast, in cells transfected to express AQP-1, NO influx was 32.5Ϯ6.9 fluorescence units/s (nϭ5), a 219% increase (PϽ0.03). These data indicate that expression of AQP-1 augments NO transport into CHO-K1 cells and that the cell membrane is a significant barrier to NO diffusion.
The increase in NO transport induced by AQP-1 transfection could be caused by alterations such as a change in lipid composition, increased expression of a native gas channel, or direct mediation of NO transport by AQP-1. To show that AQP-1 transports NO, we measured NO influx in transiently transfected CHO-K1 cells in the presence and absence of the AQP-1 inhibitors DMSO and HgCl 2 . In the absence of inhibitors To make sure the NO transport we measured using the NO donor was caused by NO, we repeated these experiments using native NO gas. NO influx was initiated by generating a 5-mol/L concentration gradient ( Figure 2D ). In control transfected CHO-K1 cells, NO influx was 13.7Ϯ0.9 fluorescence units/s (nϭ4). Transfecting CHO-K1 cells so that they expressed AQP-1 raised NO influx to 37.8Ϯ3.3 fluorescence units/s (PϽ0.03; nϭ4), a 175% increase. Addition of 500 mmol/L DMSO decreased NO influx to 19.4Ϯ4.2 fluorescence units/s (PϽ0.03 versus AQP-1 transfected cells; nϭ4), a 49% inhibition. DMSO had no effect on NO influx in control transfected cells. These results are similar to our findings with the NO donor and further support our hypothesis that the AQP-1 water channel facilitates NO transport across the cell membrane.
If NO is transported by AQP-1, then the transport process should be saturable as a function of NO. Consequently, we measured NO influx in response to different NO concentration gradients. Varying NO concentrations were prepared by gassing solutions with native NO and quantified using a precalibrated NO-selective sensor. In AQP-1-transfected cells, NO influx was 7.0Ϯ0.9, 13.8Ϯ0. in response to 100 mol/L NO was 40.4Ϯ4.9 fluorescence units/s. The apparent concentration of NO that produces half of the maximum transport rate (K 1/2 ) for the process was 0.54 mol/L. These data indicate that NO transport is saturable and thus further support our hypothesis that NO is transported by AQP-1. Furthermore, they indicate that AQP-1 transports NO at physiologically relevant concentrations.
Although our data show that AQP-1 transports NO across the cell membrane, we cannot rule out the possibility that NO permeability is influenced by other proteins expressed in the cells we used. To eliminate this possibility, we reconstituted purified AQP-1 into lipid vesicles, trapped the NO-selective impermeant dye DAF-2 inside, and measured the initial rate of NO influx (Figure 4) . NO influx increased from 0.05Ϯ0.01 fluorescence units/s in control liposomes to 0.22Ϯ0.06 fluorescence units/s in proteoliposomes containing AQP-1, a 316% increase (PϽ0.024; nϭ6). Because AQP-1 is the only protein present in our lipid vesicles, these data indicate that AQP-1 transports NO across the lipid bilayer.
To study if AQP-1 transport of NO is biologically relevant, we investigated whether endogenously produced NO is transported by AQP-1 in endothelial cells, which normally express AQP-1 and produce NO in response to Ach. We first measured NO release by cultured endothelial cells using an NO-selective sensor in the presence and absence (control) of the AQP-1 inhibitor DMSO or HgCl 2 . Under control conditions, 1 mol/L Ach induced an NO release of 2.7Ϯ0.3 Figure 5B). Neither DMSO nor HgCl 2 showed cytotoxicity as assessed by Trypan Blue exclusion assay. These results are similar to those found using CHO-K1 cells and support the hypothesis that the AQP-1 water channel facilitates NO transport across the cell membrane. Neither DMSO nor HgCl 2 is a selective inhibitor of AQP-1. To be sure their effects on NO release were because of inhibition of AQP-1, we decreased AQP-1 expression by transfecting cultured endothelial cells with a siRNA directed against AQP-1 (AQP-1 siRNA). As controls, we used siRNAs directed against GAPDH (GAPDH siRNA) and scrambled AQP-1 (scrAQP-1 siRNA) . In cells transfected with GAPDH siRNA, 1 mol/L Ach increased NO release to 2.3Ϯ0.3 pAmps/g protein. However, NO release was only 1.3Ϯ0.3 pAmps/g protein in cells transfected with AQP-1 siRNA, 44% less (PϽ0.05; nϭ7) ( Figure 6A ). Moreover, NO release was decreased by 55% in cells transfected with AQP-1 siRNA compared with scrAQP-1 siRNA (PϽ0.002; nϭ5). The NO release data correlated with AQP-1 expression. AQP-1 siRNA decreased expression by 54Ϯ7% (PϽ0.001; nϭ6) compared with GAPDH siRNA (Figure 6B ), and by 41Ϯ8% (PϽ0.01; nϭ3) when compared with scrambled AQP-1 siRNA. To show that the AQP-1 siRNA is specific and does not downregulate other genes, we transfected endothelial cells with either scrAQP-1 siRNA, AQP-1 siRNA, or GAPDH siRNA and blotted for NOS 3 and GAPDH. No changes in NOS 3 or GAPDH expression were found ( Figure 6C ). These data indicate that the AQP-1 siRNA is specific and that it does not knock down other genes, such as NOS 3, that could confound interpretation of the results. These data show that the AQP-1 water channel facilitates efflux of NO across the membrane of cells that normally express AQP-1 and produce NO.
Discussion
Our data show that AQP-1 transports NO across cell membranes. We found that NO permeability of CHO-K1 cells increases with water permeability, which is a marker of AQP-1 expression. In transiently transfected CHO-K1 cells, the increased AQP-1-dependent NO transport is blocked by DMSO as well as HgCl 2 . In addition, we found that 3 mol/L NO saturates the AQP-1-dependent NO transport. The fact that influx can be saturated indicates that NO transport is facilitated by a specific carrier such as AQP-1. Furthermore, AQP-1 transports NO at physiologically relevant concentrations. DMSO and HgCl 2 have been shown to reduce water permeability of AQP-1 in several studies [35] [36] [37] [38] ; however, neither of these compounds exclusively inhibits AQP-1. Therefore, we studied the effects of reconstituting pure AQP-1 into lipid vesicles. We found that AQP-1 significantly enhances NO influx when included in the lipid bilayer of the vesicles. Since AQP-1 is the only protein present in our lipid vesicles, these data rule out the possibility of NO transport being influenced by proteins other than AQP-1.
To begin to study whether transport of NO by AQP-1 actually has physiological significance, we examined the effects of AQP-1 inhibitors, as well as reducing AQP-1 expression by siRNA, on NO efflux out of endothelial cells (which endogenously express AQP-1). We found that DMSO and HgCl 2 both inhibited NO release, as did decreasing AQP-1 expression with siRNA. Both AQP-1 expression and NO release were reduced to the same extent by the AQP-1 siRNA, whereas similar levels of NOS 3 and GAPDH were found. These data indicate that the effects of DMSO and HgCl 2 were attributable to inhibition of aquaporin activity. From our data we conclude that: (1) NO is transported across the cell membrane by AQP-1; (2) the cell membrane represents a significant barrier to diffusion of NO; and (3) transport of NO by AQP-1 may be physiologically important.
Non-water transport functions of AQPs are increasingly being recognized as a property that may have physiological significance. The ability of AQPs to transport NO may permit tight control of intracellular NO concentrations in target cells and directional release from cells where it is produced. Free diffusion of NO through the cell membrane does not allow control of intracellular NO concentrations or directional release. Given that the intracellular environment is tightly controlled with regard to ions and signaling molecules, it seems unlikely that there would be no means of regulating entry and exit of NO. Transport of NO by AQPs would permit such a controlled diffusion mechanism, which would be required for cell homeostasis.
NO regulates numerous physiological functions involved in control of blood pressure where AQP-1 is expressed. In vessels, NO regulates blood flow. 10, 18 In the central nervous system, NO functions as a neurotransmitter. 19, 20, 39 In the kidney, NO regulates sodium and water excretion, 21 blood flow, 40 and pressure natriuresis. 5, 40, 41 Additionally, NO is produced and AQPs are expressed in alveolar pneumocytes, 42 where NO protects the airways from excessive vasoconstriction, and the liver, where NO serves to maximize blood perfusion, prevent platelet aggregation, and neutralize toxic oxygen radicals. 43 In all of these tissues, transport of NO by AQPs may play a role in regulating NO fluxes and local concentrations. Thus, the potential influence of NO transport by AQP-1 is great.
Although AQP-1 null individuals lack apparent clinical alterations and AQP-1 knockout mice are not hypertensive, this may be a result of several factors. First, the rapid reaction of NO with hemoglobin would be expected to be reduced in AQP-1 knockout mice because of the lack of AQP-1 in the membrane of red blood cells. This would increase NO concentrations, which in turn would enhance diffusion. Second, AQP-1 knockout mice have reduced ability to concentrate urine. 44 The antihypertensive effect of polyuria would be expected to overwhelm the increased vascular tone resulting from the reduced effects of NO in the vasculature. Finally, other members of the AQP family may compensate for the lack of AQP-1.
Perspectives
We found that NO permeability of cells transfected to express AQP-1 correlated with osmotic water permeability. Transiently transfecting CHO-K1 cells with AQP-1 increased NO influx. AQP-1-dependent NO influx was inhibited by agents that decrease AQP-1 activity. Transport of NO by AQP-1 became saturated at 3 mol/L NO, with a K 1/2 of 0.54 mol/L. NO transport was significantly increased when AQP-1 was reconstituted into lipid vesicles. NO release by endothelial cells was diminished by AQP-1 inhibitors and by reducing AQP-1 expression with siRNAs. We conclude that AQP-1 transports NO across cell membranes. Our results also indicate that the cell membrane is a significant barrier to NO diffusion. In addition, transport of NO by AQP-1 occurs at physiological concentration ranges. We believe this is the first direct evidence that an integral membrane transport protein facilitates diffusion of NO. Alterations in AQPmediated NO transport may be an alternate explanation for many diseases, especially hypertension, currently thought to be due to reduced NO production or availability.
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